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Jun kinaseWhen cells undergo apoptosis, they can stimulate the proliferation of nearby cells, a process referred to as
compensatory cell proliferation. The stimulation of proliferation in response to tissue damage or removal is
also central to epimorphic regeneration. The Hippo signaling pathway has emerged as an important regulator
of growth during normal development and oncogenesis from Drosophila to humans. Here we show that
induction of apoptosis in the Drosophila wing imaginal disc stimulates activation of the Hippo pathway
transcription factor Yorkie in surviving and nearby cells, and that Yorkie is required for the ability of the wing
to regenerate after genetic ablation of the wing primordia. Induction of apoptosis activates Yorkie through the
Jun kinase pathway, and direct activation of Jun kinase signaling also promotes Yorkie activation in the wing
disc. We also show that depletion of neoplastic tumor suppressor genes, including lethal giant larvae and discs
large, or activation of aPKC, activates Yorkie through Jun kinase signaling, and that Jun kinase activation is
necessary, but not sufﬁcient, for the disruption of apical-basal polarity associated with loss of lethal giant
larvae. Our observations identify Jnk signaling as a modulator of Hippo pathway activity in wing imaginal
discs, and implicate Yorkie activation in compensatory cell proliferation and disc regeneration.rvine).
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
When cells in a tissue are damaged, proliferation of neighboring cells
can be induced, enabling tissue repair. This phenomenon is central to
epimorphic regeneration,which enables the regrowth and replacement
of body parts after injury or amputation. The capacity of tissues to
undergo epimorphic regeneration has been known for centuries and
exists throughout the metazoa, although it varies between organisms,
organs, and developmental stages. An important insight into epi-
morphic regeneration was provided by the observation that when cells
initiate apoptosis, they produce mitogenic signals, thereby stimulating
the proliferation of neighboring cells. This process, termed compensa-
tory cell proliferation,wasﬁrst characterized in the developing imaginal
discs of Drosophila, but similar phenomena occur in other systems
(reviewed in Bergantinos et al., 2010b; Fan and Bergmann, 2008).
Compensatory cell proliferation has been observed in Drosophila
imaginal discs upon induction of cell death by X-irradiation, by
expression of pro-apoptotic genes, or by mutation of the anti-apoptotic
gene thread (Diap1) (Haynie and Bryant, 1977; Huh et al., 2004; Perez-
Garijo et al., 2004; Ryoo et al., 2004). Compensatory cell proliferation is
associated with the induction of signaling molecules that have been
linked to the promotion of cell proliferation, including Wingless (Wg)
and Decapentaplegic (Dpp) (Huh et al., 2004; Perez-Garijo et al., 2004;Ryoo et al., 2004). Another common and essential feature of
compensatory cell proliferation is the activation of Jun-kinase (Jnk)
signaling (FanandBergmann, 2008;Perez-Garijo et al., 2009; Ryoo et al.,
2004). Jnk signaling is a MAPK signaling pathway regulated by diverse
cellular stresses, including irradiation, reactive oxygen species, infec-
tion, aging, disruption of cell polarity, cytoskeletal changes, and
induction of apoptosis (reviewed in Bogoyevitch et al., 2010; Igaki,
2009; Karin andGallagher, 2005). Jnk signaling has distinct outcomes in
different contexts. It is crucial formorphogenesis during embryogenesis
andwound healing (Martin and Parkhurst, 2004), and has an important
pro-apoptotic function (Igaki, 2009; Kanda andMiura, 2004). However,
when apoptosis is blocked, Jnk signaling can promote cell proliferation
(Hariharan and Bilder, 2006; Igaki et al., 2006; McEwen and Peifer,
2005; Ryoo et al., 2004).
Inaddition to its role in compensatory cell proliferation, Jnk signaling
has been linked to proliferative and metastatic features of tumors
associated with disruptions of apical-basal polarity in epithelial cells
(Igaki et al., 2006; Uhlirova and Bohmann, 2006). Genes that, when
mutated, result in over-proliferation coupled to loss of normal tissue
architecture are classiﬁed inDrosophila as neoplastic tumor suppressors
(reviewed in Hariharan and Bilder, 2006). Three of the best studied
neoplastic tumor suppressors, lethal giant larvae (lgl), discs large (dlg)
and scribbled (scrib), form a junctional complex that contributes to
apical-basal polarity in epithelial cells (Bilder et al., 2000). Their effects
on growth are complex. When an entire disc is mutant for one of these
genes, it can overgrow and form a tumorous mass of unpolarized cells
(Agrawal et al., 1995; Bilder et al., 2000). However, when clones of cells
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discs, they generally fail to survive, and are eliminatedby Jnk-dependent
apoptosis. But if combined with other oncogenic mutations, such as
expression of Myc or activated-Ras or Notch, clones of cells mutant for
lgl, dlg or scrib can survive and form large tumors that are prone to
metastasis; the growth andmetastasis of these tumors also depends on
Jnk signaling (Brumby and Richardson, 2003; Froldi et al., 2010; Igaki et
al., 2006, 2009; Pagliarini and Xu, 2003).
The Hippo pathway controls growth during normal development,
and its dysregulation is associated with oncogenesis (reviewed in
Reddy and Irvine, 2008; Zhao et al., 2010). Hippo signaling is
mediated by a transcriptional co-activator protein, Yorkie (Yki)
(reviewed in Oh and Irvine, 2010). When Hippo signaling is active,
Yki is kept inactive, retained in the cytoplasm through the action of
upstream tumor suppressor genes in the Hippo pathway. The key,
direct repressor of Yki activity is the kinase Warts (Wts), which
phosphorylates Yki (Huang et al., 2005). In the absence of Wts,
unphosphorylated Yki accumulates in the nucleus (Dong et al., 2007;
Oh and Irvine, 2008), and in conjunction with DNA-binding proteins,
regulates the transcription of downstream genes. Recently, mutation
of lgl, or activation of aPKC, was reported to result in activation of Yki,
and Yki was functionally linked to over-proliferation phenotypes in
these genotypes (Grzeschik et al., 2010; Menéndez et al., 2010). The
mechanism bywhich Yki becomes activated by thesemanipulations is
not known, although it was suggested that it might involve mis-
localization of Hippo and a Hippo-interacting protein, dRassf.
Here, we characterize the regulation and role of the Hippo
pathway in compensatory cell proliferation and regeneration. Damage
to the epithelial cells of the Drosophila wing imaginal disc by
expression of pro-apoptotic genes results in activation of Yki. This
Yki activation is mediated by the Jnk signaling pathway. We further
determined that disruption of apical-basal polarity by depletion of
neoplastic tumor suppressor genes, or activation of aPKC, activates Yki
through Jnk signaling, and that Yki is required for wing disc
regeneration after genetic ablation of the wing primordia. Our results
identify Jnk signaling as a mechanism for regulating Hippo pathway
activity in wing imaginal discs, and establish a fundamental role for
Hippo signaling in regenerative responses to tissue damage.
Materials and methods
Drosophila genetics
Stocks used included ex-lacZ en-Gal4 UAS-GFP/CyO; UAS-dcr2/TM6b,
UAS-lgl-RNAi (VDRC 51249), UAS-dlg-RNAi (VDRC 41136), UAS-bsk-RNAi
(VDRC 104569), UAS-yki-RNAi (VDRC 104532), UAS-wg-RNAi (VDRC
104579), rn-Gal4 UAS-egr tub-Gal80ts/TM6b,Gal80 (Smith-Bolton et al.,
2009), rn-Gal4 UAS-rpr tub-Gal80ts/TM6b,Gal80 (Smith-Bolton et al.,
2009), puc-lacZ[A251.1F3]ry/TM3 (Bloomington 11173), UAS-myc:wts.2,
FRT42D ykiB5/CyO,Act-GFP, UAS-puc, salPE-Gal4 UAS-GFP/CyO; Dronc129
FRT2A/TM6b (Perez-Garijo et al., 2009), UAS-hep.CA/CyO; Dronc129
FRT2A/TM6b (Perez-Garijo et al., 2009), UAS-wts:myc[2-2] (gift of Tian
Xu), UAS-GFP[T-2] (Bloomington 1521), UAS-aPKC:CAAX (Lee et al.,
2006), UAS-yki:V5 (Oh and Irvine, 2009), tub-Gal80ts/TM6B,
tubNCD2NGal4 UAS-CD8:GFP/CyO; tub-Gal80ts/TM6B (Buttitta et al.,
2007), UAS-hep.CA (Bloomington 6406), UAS-rpr[14] (Bloomington
5824), rn-lacZ89, ry+, ry506/TM3, Sb (St Pierre et al., 2002), UAS-egr
(Moreno et al., 2002), UAS-lacZ (Brand and Perrimon, 1993). The
speciﬁcity of lgl RNAi has been described previously (Grzeschik et al.,
2010). The speciﬁcity yki RNAiwas conﬁrmed by rescue using aUAS-yki
line to over-express Yki. Because we lacked a direct test for bsk RNAi
speciﬁcity, all experiments with bsk RNAi were repeated usingUAS-puc,
which gave similar results.
Larvae from crosses of rn-Gal4 UAS-egr tub-Gal80ts/TM6b,Gal80 or
rn-Gal4 UAS-rpr tub-Gal80ts/TM6b,Gal80 were kept at 18 °C for 8 days
and shifted to 30 °C for 30 h to induce cell death. After cell deathinduction, larvae were either dissected or put back to 18 °C for 24, 48,
and 72 h recovery. To make rpr or hep.CA clones, yw hs-ﬂp; UAS-rpr/
CyO,GFP or yw hs-ﬂp; UAS-hep.CA/CyO,GFP ﬂies were crossed to
tubNCD2NGal4 UAS-CD8:GFP/CyO; tub-Gal80ts/TM6B. Larvae were
maintained at 25 °C for 3 days and clones were induced by heat
shock at 38 °C for 10 min. Larvae were then kept at 18 °C for 3 days to
let clones grow larger, and then cell death was induced by
temperature shift to 30 °C for 12–14 h.
To evaluate the effect of ykiB5/+ on development timing, rn-Gal4
UAS-egr tub-Gal80ts/TM6b,Gal80 females were crossed to Oregon-R or
FRT42D ykiB5/CyO,Act-GFP males. Eggs were collected at 25 °C in 8 h
intervals on grape juice plates covered with yeast, and subsequently
kept at 18 °C. The dates of larvae hatching and pupa formation were
recorded.
For adult wings, larvae were maintained at 18 °C after tissue
damage until eclosion. Wings were mounted in Gary's Magic
Mountant, and measured using NIH ImageJ software.
Immunoﬂuorescent staining
Wing discs of third instar larvae were ﬁxed in 4% paraformalde-
hyde and stained as described previously. Primary antibodies used
include rabbit anti-Yki (1:400), mouse anti-Wg (1:800, 4D4, Devel-
opmental Studies Hybridoma Bank (DSHB), mouse anti-DLG(1:400,
4F3, DSHB), rat anti-Fat (1:800) (Feng and Irvine, 2009), goat anti-β-gal
(1:1000, Biogenesis), rabbit anti-GFP (1:400, Molecular Probes), rat anti-
DE-cadherin (1:450, DCAD2, DSHB), rabbit anti-active Caspase 3 (1:200,
Asp175, Cell Signaling Technology), rabbit anti-phospho-JNK (1:100,
81E11, Cell Signaling Technology), mouse anti-Myc (1:400, 9E10, Babco),
mouse anti-Nubbin (1:100, gift from Steve Cohen). EdU labeling was
performed using Click-it™ EdU Alexa Fluor Imaging Kit (Molecular
Probes). Images were captured on a Leica TCS SP5 confocal microscope.
Results
Activation of Yki adjacent to apoptotic cells
To investigate the potential involvement of Hippo signaling in
compensatory cell proliferation and regeneration, we examined the
sub-cellular localization of Yki in wing imaginal discs after localized
induction of cell death. In one approach, we adopted a system
developed by Smith-Bolton et al. (2009) for analysis of regenerative
growth in imaginal discs, which involves expressing pro-apoptotic
genes throughout the wing primordia of the developing disc under
the control of rotund (rn-Gal), and then controlling the timing of
expression using a temperature-sensitive repressor of Gal4 (Gal80ts).
The pro-apoptotic genes expressed were reaper (rpr), an inhibitor of
the Drosophila apoptosis inhibitor Diap1 (Goyal et al., 2000; Wang et
al., 1999; White et al., 1994), or eiger (egr), a Drosophila TNFα that is a
ligand for the Jnk pathway (Igaki et al., 2002; Kanda and Miura, 2004;
Moreno et al., 2002).
Normally, Yki is predominantly cytoplasmic within imaginal disc
cells (Fig. 1A). However, if Hippo signaling is impaired, then Yki can be
detected in the nucleus (Dong et al., 2007; Oh and Irvine, 2008).When
rpr or egr was expressed for 30 h under rn-Gal4 control, most of the
wing primordia was ablated, although a small, irregular region of rn-
Gal4 expression persists, which includes both dying cells in which
relatively stable marker proteins (β-galactosidase or GFP) are still
detectable, and some cells that appear viable (Fig. 1B,C and data not
shown) (Smith-Bolton et al., 2009). Wing discs in which wing pouch
cells have been ablated by expression of rpr or egr exhibit a striking re-
localization of Yki to the nucleus, both in cells adjacent to the rn-Gal4
domain, as well as among surviving cells within the rn-Gal4 domain
(Fig. 1B,C). This re-localization implies that ablation of cells and/or
induction of apoptosis results in a strong, local activation of Yki.
Consistent with this inference, a downstream target of Yki, expanded
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exhibiting nuclear Yki (Fig. 1D).
To investigate whether the re-localization of Yki was effected
through an inﬂuence on Hippo signaling, we took advantage of the
observations that over-expression of wild-type Wts has relativelylittle effect on wing growth in wild-type ﬂies, but can suppress the
over-growth phenotypes associated with mutation of upstream
tumor suppressors that activate Yki, including fat, ex, and dco3 (Feng
and Irvine, 2007, 2009). Over-expression of Wts similarly reduced the
inﬂuence of rpr and egr on Yki localization, as strong nuclear Yki was
no longer detected (Fig. 1E, F). This suggests that the inﬂuence of rpr
and egr on Yki is mediated through an effect on Hippo signaling. Wts
expression not only reduced the activation of Yki within the rn-Gal4
domain, but also in neighboring cells, which implies that the non-
autonomous activation of Yki is dependent upon Yki activation within
rpr or egr-expressing cells. This inhibition of nuclear Yki by Wts over-
expression was not due to inhibition of cell death, because the wing
primordia was still ablated in these animals, and nuclei that, based on
their small size and basal location appeared apoptotic, were still
detected (not shown).
Apoptosis activates Yki through the Jnk pathway
Jnk signaling is an important regulator of both cell death and
compensatory cell proliferation (Igaki et al., 2002; Kanda and Miura,
2004; Moreno et al., 2002; Perez-Garijo et al., 2009; Ryoo et al., 2004).
Egr activates Jnk signaling through its receptor Wengen (Kauppila et
al., 2003), and inhibition of Jnk signaling suppresses Egr-overexpres-
sion phenotypes (Igaki et al., 2002; Moreno et al., 2002). We
conﬁrmed activation of Jnk signaling in rn-Gal4 UAS-egr discs by
examining a downstream target of the Jnk pathway (puc-lacZ)
(Figs. 2A and S1A). Notably, Caspase activation can also result in Jnk
activation (Igaki, 2009), and consistent with this we observed
induction of puc-lacZ in rn-Gal4 UAS-rpr discs (Fig. 2B). The
observations that both Egr and Rpr induce Jnk pathway activation,
together with its role in compensatory cell proliferation (McEwen and
Peifer, 2005; Perez-Garijo et al., 2009; Ryoo et al., 2004), suggested
that activation of Yki upon expressing pro-apoptotic genes might be
due to Jnk activation. To test this hypothesis, we inhibited Jnk
activation by expressing the Jnk phosphatase puckered (puc). Over-
expression of Puc blocked Egr-induced apoptosis, and inhibited Yki
activation (Figs. 2C and S2B). Rpr-induced apoptosis is not blocked by
Jnk inactivation, but over-expression of Puc inhibits Rpr-induced
compensatory cell proliferation (Ryoo et al., 2004). When pucwas co-
expressed with rpr, the developing wing pouch was still ablated
(Fig. 2D), and apoptotic nuclei were still detected (not shown), but Yki
activation was dramatically reduced (Figs. 2D and S2C). Although low
levels of Yki activation (Figs. 2C and S2B), or rare nuclei with nuclear
Yki (Figs. 2D and S2C), could be detected when Puc was over-
expressed, this could reﬂect differences in the extent and pattern of
activation versus inhibition of Jnk, and our experiments establish that
Jnk activation makes a crucial contribution to the activation of Yki in
and adjacent to Egr- and Rpr-expressing cells.
Expression of Egr induces non-autonomous activation of Yki, but Egr
is a secreted ligand for the Jnk pathway. To assess the consequences of
autonomous pathway activation, we compared expression of an
activated form of the Jnk kinase hemipterous (Hep.CA) (Adachi-Yamada
et al., 1999), with expression of Egr. For these experiments we used an
enhancer from the spalt gene (sal.PE-Gal4) (Fig. 2E), previously used to
express hep.CA in studies of compensatory proliferation (Perez-Garijo etFig. 1. Yki activation induced by expression of pro-apoptotic genes. Third instar wing
discs, stained for Yki (red). Panels marked prime show separate channels of the stain to
the left. Examples of nuclear Yki are highlighted by arrows. A) Wild-type expression of
rn (visualized using rn-lacZ, blue), Wg (green) and Yki. B) rn-Gal4 UAS-rpr tub-Gal80ts
UAS-lacZ, 30 h after induction of rpr. The rn domain (anti-β-gal, green) is small and
irregular, and nuclear Yki is detected. C) rn-Gal4 UAS-egr tub-Gal80ts UAS-GFP, 30 h after
induction of egr. The rn domain (GFP, green) is small and irregular, and nuclear Yki is
detected. D) rn-Gal4 UAS-egr tub-Gal80ts, 30 h after induction of egr.ex-lacZ (cyan) is
upregulated in cells with nuclear Yki. E) rn-Gal4 UAS-egr tub-Gal80ts UAS-Wts:Myc, 30 h
after induction. Nuclear Yki is suppressed. F) rn-Gal4 UAS-rpr tub-Gal80tsUAS-GFP UAS-
Wts:Myc, 30 h after induction. Nuclear Yki is suppressed.
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(Figs. 2F,G and S1B). Nonetheless, nuclear localization of Yki was
detected within and adjacent to surviving cells (Figs. 2F,G and S2D,F).
When egrwas expressed, a non-autonomous effect on Yki activation, in
some cases extending for several cells, was clearly evident (Fig. 2G).
When hep.CA was expressed, the non-autonomous effect was more
limited, but still detectable in some cells immediately adjacent tohep.CA-
expressing cells (Figs. 2F and S2F). Because analysis of egr- or hep.CA-
expressing discs is complicated by cell death and tissue folding, we
further conﬁrmed the existence of non-autonomous Yki activation by
hep.CA in vertical sections through the disc epithelia (Fig. 2F″,G″), and in
clones of cells expressing hep.CA or rpr (Fig. S1D,E).
Activation of Jnk signaling has diverse effects, but one major
consequence is activation of caspases and induction of apoptosis
(Igaki, 2009). Induction of apoptosis, and more speciﬁcally activation
of the initiator caspase Dronc, can induce compensatory proliferation
in neighboring cells (Huh et al., 2004). To investigate whether caspase
activation and apoptosis contribute to the activation of Yki by Jnk, we
expressed hep.CA or egr in animals mutant for a hypomorphic allele of
Dronc, Dronc129. It has been reported that when compensatory cell
proliferation is induced by expression of pro-apoptotic genes,
including rpr, hid, or hep.CA, while apoptosis is reduced by Dronc
mutation, that overgrowth of wing tissue and induction of Wg and
Dpp expression can still occur, even though caspase activation is
reduced (Kondo et al., 2006; Perez-Garijo et al., 2009; Wells et al.,
2006). In our experiments, staining for cleaved caspase 3 (Cas3)
conﬁrmed that the number of apoptotic cells upon Jnk activation was
reduced in Dronc129 discs (Fig. S1C). However, activation of Yki was
not diminished (Figs. 2H,I and S2E,G). In fact, many more cells with
nuclear Yki were detected, both within and adjacent to the sal.PE
expression domain, presumably because Dronc mutation inhibits the
apoptosis of cells with activated Jnk. These observations indicate that
Jnk signaling does not require Dronc activation or apoptosis in order
to promote Yki activation.
We also took advantage of the decreased apoptosis in Dronc129
discs to further investigate the linkage between Jnk and Hpo signaling.
Hep.CA-mediated Yki activation could be efﬁciently repressed either
by over-expression of Wts, or by over-expression of Hpo (Fig. 2J,K).Regulation of Yki during wing disc regeneration
The observation that Yki is activated after tissue damage, together
with its importance for growth control, suggests that Yki activation
could contribute to wing disc regeneration. To examine Yki activity
during regeneration, we monitored Yki localization during recovery
after conditional induction of Egr. rn-expressing cells were ablated by
expressing Egr under rn-Gal4 control for 30 h, then Egr expression
was removed by shift back to the non-permissive temperature for
Gal80ts, and the discs were allowed to recover. After 24 h of recovery,
strong Yki activation remained detectable (Fig. 3B). Substantial Yki
activation was also detected 48 h after removal of Egr expression
(Fig. 3C), but by 72 h Yki localization appeared almost normal
(Fig. 3D). This Yki localization proﬁle correlates with active prolifer-
ation and regeneration of the wing disc after genetic ablation of rn-
Gal4 expressing cells (Smith-Bolton et al., 2009).
Wg expression is also upregulated during regeneration, and Wg
has been functionally linked to disc regeneration (Smith-Bolton et al.,Fig. 2. Jnk activates Yki. Third instar wing discs, stained for Yki (red). Panels marked prime s
show vertical sections through these discs. Examples of nuclear Yki are highlighted by arrow
(magenta) are detected. B) rn-Gal4 UAS-rpr tub-Gal80tspuc-lacZ, 30 h after induction. Nuclea
after induction. Nuclear Yki is reduced, and Wg (green) appears normal. D) rn-Gal4 UAS-rpr
and B of this ﬁgure). E) sal.PE-Gal4 UAS-GFP, GFP (green) indicates the sal expression domain
and nuclear Yki is detected. G) sal.PE-Gal4 UAS-GFP UAS-egr Dronc129/+. The sal domain is
Dronc129/Dronc129. Nuclear Yki is increased. I) sal.PE-Gal4 UAS-GFP UAS-egr Dronc129/Dronc129
Nuclear Yki is suppressed. K) sal.PE-Gal4 UAS-GFP UAS-hep.CA UAS-hpo Dronc129/Dronc129. N2009). As both Wg and Yki can be associated with promotion of cell
proliferation, we explored the relationship between them during
regeneration. Activated Yki and upregulated Wg were mostly over-
lapping in discs damaged by Rpr or Egr expression (Fig. 3A and data
not shown). However, during regeneration, Wg expression appeared
to recover more quickly than Yki localization, as Wg expression was
almost normal by 48 h, at which time signiﬁcant nuclear Yki was still
detected (Fig. 3C). This difference suggests that Yki and Wg are
regulated independently. Nonetheless, since activated Yki and
upregulated Wg initially overlapped (Fig. 3A), and inactivation of
the Hippo pathway can normally upregulateWg in the proximal wing
disc (Cho et al., 2006; Cho and Irvine, 2004), we investigated whether
upregulatedWg in regenerative cells might be due to activation of Yki.
However, neither reduction of Yki protein by RNAi, nor reduction of
Yki activity by Wts over-expression, blocked Wg expression (Fig. 3F,
G). We also observed that wg RNAi substantially decreased Wg
expression, but did not visibly decrease nuclear Yki (Fig. 3E). These
observations imply that Yki activation andWg expression are induced
in parallel by activation of Jnk during regeneration, rather than being
dependent upon one another.
Yki is required for wing regeneration after tissue damage
The above results identify a correlation between Yki activation and
epimorphic regeneration of the wing disc after elimination of cells by
induction of apoptosis. Hippo signaling is very sensitive to the dose of
Yki (Bennett and Harvey, 2006; Silva et al., 2006;Willecke et al., 2006).
Thus, to determine whether the activation of Yki functionally
contributes to regeneration after genetic ablation of the wing pouch,
we induced a 30 h pulse of Egr expression at mid-third instar in the rn-
Gal4 domain, and then allowed animals to recover and develop into
adult ﬂies. Because there is some variability in the efﬁciency of
regeneration in this type of experiment (Smith-Bolton et al., 2009),
regenerated wings were measured and then classiﬁed according their
percentage of normal wing size. Under our experimental conditions,
when the wing primordia was ablated by expression of Egr, complete
regeneration (to N80% wild-type wing size) was observed in 1/4 of
animals, partial regeneration (20–80% normal wing size) was observed
in 2/5 of animals, and minimal regeneration (b20% normal wing size)
was observed in 1/3 of animals (Fig. 3H,J,K).When the same experiment
was performed in animals heterozygous for yki, then none of the wings
fully regenerated, and 90% of animals exhibited only minimal
regeneration (Fig. 3H,M). Since heterozygosity for yki did not affect
the rate of development or the extent of initial ablation (Fig. S3), this
impairment of wing disc regeneration indicates that the elevated
activity of Yki observed after induction of tissue damage is functionally
required for efﬁcient regeneration. Co-expression of Wts had even
stronger effects, as 100% of the animals failed to exhibit signiﬁcant
regeneration (Fig. 3H).
Activation of Yki in neoplastic tumors
The results described above establish that Jnk signaling can inﬂuence
Yki activity, and identify a role for this activation of Yki in wing
regeneration after tissue damage. The loss of normal epithelial
architecture associated with mutation of members of the neoplastic
Lgl-Dlg-Scrib complex constitutes another type of epithelial cellhow separate channels of the stain to the left. Panels marked by double prime symbols
s. A) rn-Gal4 UAS-egr tub-Gal80tspuc-lacZ, 30 h after induction. Nuclear Yki and puc-lacZ
r Yki and puc-lacZ (magenta) are detected. C) rn-Gal4 UAS-egr tub-Gal80ts UAS-puc, 30 h
tub-Gal80ts UAS-puc, 30 h after induction. Nuclear Yki is reduced (compare with Figs. 1B
. F) sal.PE-Gal4 UAS-GFP UAS-hep.CA Dronc129/+. The sal domain is reduced and irregular,
reduced and irregular, and nuclear Yki is detected. H) sal.PE-Gal4 UAS-GFPUAS-hep.CA
. Nuclear Yki is increased. J) sal.PE-Gal4 UAS-GFP UAS-hep.CA UAS-wts Dronc129/Dronc129.
uclear Yki is suppressed.
Fig. 3. Yki activation duringwing regeneration. A–G) Third instarwing discs, stained for Yki (red) andWg (green). Panels marked prime show separate channels of the stain to the left.
A–D) rn-Gal4UAS-egr tub-Gal80ts, after 30 hof egr expression at 30 °C, andA)0 h, B)24 h, C)48 h, andD)72 hof recovery at 18 °C. Nuclear Yki gradually diminishes as thedisc regenerates.
E) rn-Gal4 UAS-egrUAS-RNAi-wgUAS-dcr2 tub-Gal80ts, 30 h after induction.Wg is severely reduced, but strong nuclear Yki is still detected. F) rn-Gal4 UAS-egr UAS-RNAi-yki UAS-dcr2
tub-Gal80ts, 30 h after induction. Yki is severely reduced in the rn domain, but strong Wg is still detected. G) rn-Gal4 UAS-egr UAS-wts tub-Gal80ts, 30 h after induction. Nuclear Yki is
suppressed, butWg is still detected. H) Distribution of adult wing sizes inwild type (wt), ykib5/+, rn-Gal4 UAS-egr tub-Gal80ts, rn-Gal4 UAS-egr tub-Gal80ts ykib5/+, rn-Gal4 UAS-wts
tub-Gal80ts, or rn-Gal4 UAS-egr UAS-wts tub-Gal80ts ﬂies, after a 30 h temperature pulse during mid-third instar followed by recovery at 18 °C. I–M) Representative examples of wings
of each size category, with measurement indicated at top left and actual genotype indicated at top right.
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suppressor clones (Brumby and Richardson, 2003; Igaki et al., 2006;
Uhlirova and Bohmann, 2006). Thus, we investigated the relationship
between activation of Jnk, activation of Yki, and tumorous overgrowths
associated with cells in which the Lgl-Dlg-Scrib complexwas disrupted.
To investigate this in a system that would facilitate genetic manipula-
tions, and to avoid the necessity of combining lgl loss-of-function with
oncogenicmutations that could complicate the analysis, we depleted lgl
from large, contiguous domains of cells using RNAi by expressing UAS-
hairpin transgenes under the control of broadly expressed Gal4 lines,
and in conjunction with UAS-dcr2, which enhances the effectiveness of
RNAi (Dietzl et al., 2007).Fig. 4. Yki activation by depletion of neoplastic tumor suppressors. Third instar wing discs, s
marked prime show separate channels of the stain to the left. A) en-Gal4 UAS-RNAi-lgl UAS-d
dcr2 UAS-GFP ex-lacZ. D) en-Gal4 UAS-dcr2 UAS-GFP. E) en-Gal4 UAS-RNAi-lgl UAS-dcr2 UAS-G
UAS-yki-RNAi UAS-dcr2 UAS-GFP. H) en-Gal4 UAS-yki-RNAi UAS-dcr2 UAS-GFP. I) en-Gal4 UASDepletion of lgl in the posterior half of the wing disc, under en-Gal4
control, resulted in overgrowth of the posterior compartment (Fig. 4A,C,
E) and loss of apical-basal polarity (Fig. 5C,D,I,J). Thus, in this situation lgl
RNAi phenocopied lgl mutant discs, or lgl mutant clones co-expressed
with oncogenes (Brumby and Richardson, 2003; Igaki et al., 2006;
Uhlirova and Bohmann, 2006). The overgrowth was apparent from the
increased size of the posterior compartment, which often became
multilayered, distorted and folded (Fig. 5C,D,I,J), and was also reﬂected
in elevated cell proliferation detected by EdU labeling (Fig. 4E). The loss
of polarity was apparent from the rounded morphology and multilay-
ered appearance of cells (Fig. 5D,J). In addition, proteins that normally
have discrete localizations within the cells, such as Fat or Dlg, insteadtained for Yki (red), GFP (green), ex-lacZ (cyan) or EdU (magenta), as indicated. Panels
cr2 UAS-GFP. B) en-Gal4 UAS-RNAi-dlg UAS-dcr2 UAS-GFP. C) en-Gal4 UAS-RNAi-lgl UAS-
FP. F) en-Gal4 UAS-RNAi-lgl UAS-dcr2 UAS-myc:wts.2 UAS-GFP. G) en-Gal4 UAS-RNAi-lgl
-RNAi-lgl UAS-dcr2 UAS-myc:wts.2 UAS-GFP ex-lacZ. J) en-Gal4 UAS-myc:wts.2 UAS-GFP.
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the plasma membrane (Fig. 5C,D,I,J).
To investigatewhether theovergrowthof these lgl-depleted cellswas
related to effects on Hippo signaling, we examined the sub-cellularFig. 5. Jnk is required for disruption of polarity upon lgl depletion. Third instar wing discs, sta
prime show separate channels of the stain to the left, A,C,E,G,I,K show horizontal sections, B,D
dcr2 UAS-GFP. C,D,I,J) en-Gal4 UAS-RNAi-lgl UAS-dcr2 UAS-GFP. E,F,K,L) en-Gal4 UAS-RNAi-lgl
M) sal.PE-Gal4 UAS-GFP Dronc129/Dronc129. N) sal.PE-Gal4 UAS-GFP UAS-hep.CA Dronc129/D
Dronc129/Dronc129. Q) en-Gal4 UAS-RNAi-lgl UAS-dcr2 puc-lacZ.distribution of Yki. A strong re-localization of Yki, from predominantly
cytoplasmic to predominantly nuclear, was evident in posterior cells
(Fig. 4A,C). A similar effect on Yki localization was induced by RNAi for
dlg (Fig. 4B), which indicates that this inﬂuence onHippo signaling is notined for GFP (green) and Fat (red) or Dlg (red), or as indicated. For A–L, panels marked
,F,H,J,L show vertical sections of the disc above, with apical at top. A,B,G,H) en-Gal4 UAS-
UAS-RNAi-bsk UAS-dcr2 UAS-GFP. For M–Q, panels marked prime show vertical sections.
ronc129. O) sal.PE-Gal4 UAS-GFP Dronc129/Dronc129. P) sal.PE-Gal4 UAS-GFPUAS-hep.CA
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complex. To conﬁrm that the relocalization of Yki to the nucleus is
associated with Yki activation, we examined ex-lacZ; it was strongly
upregulated in posterior cells of en-Gal4 UAS-RNAi-lgl wing discs
(Fig. 4C).
To establish the relevance of this Yki activation to the tumorous
overgrowth of lgl-depleted cells, we examined the consequences of
simultaneous knockdown of both yki and lgl. Co-overexpression of yki-
RNAi with lgl-RNAi blocked the overgrowth of the posterior compart-
ment, and yieldeddiscs inwhich the P compartmentwas reduced in size
(Fig. 4G), and posterior nuclei appeared apoptotic (not shown), which
indicates that Yki is required for thegrowthand survival of lglRNAi cells.
To examine the relationship of lgl-induced overgrowths to Hippo
signaling under milder conditions of reduced Yki activity, we over-
expressedWts. Using aUAS-wts line that onlymodestly reduced growth
of the P compartment on its own (Fig. 4J), we observed a strong
suppression of the lgl RNAi over-proliferation phenotype (Fig. 4F), and
also suppressed the inﬂuence of lgl on Yki localization and activity
(Fig. 4I), resulting in relatively normal looking wing discs. These
observations conﬁrm that lgl acts as a tumor suppressor in thewing disc
by limiting activation of Yki, and further suggest that the inﬂuence of lgl
on Hippo signaling occurs at or upstream of Wts.
Lgl acts through Jnk signaling to regulate Hippo signaling in the wing
lgl depletion is associated with Jnk activation (Figs. 5Q, 6A and S4D)
(Igaki et al., 2006; Uhlirova and Bohmann, 2006). Both Jnk activation
and Yki activation were largely conﬁned to lgl depleted cells, but
occasionally non-autonomous activation was observed (Figs. 6A andFig. 6. lgl Depletion activates Yki through Jnk. Third instar wing discs, stained for Yki (red), p
indicated. Panels marked prime show separate channels of the stain to the left. A) en-Gal4 UA
speciﬁc antibody. B) en-Gal4 UAS-RNAi-lgl UAS-RNAi-bsk UAS-dcr2 UAS-GFP, pJnk staining is c
UAS-GFP, Yki localization and ex-lacZ staining are almost normal (cf. Fig. 4A,B). E) en-Gal4 UA
posterior (cf. Fig. 4E).S4D). This is consistent with the reported detection of non-autonomous
Jnk activation adjacent to scrib mutant cells in eye discs (Igaki et al.,
2006). The general correspondence between Jnk activation and Yki
activation in discs with lgl depletion suggested they could be
functionally linked. To directly examine this, we blocked Jnk activation
by RNAi-mediated depletion of the Drosophila Jnk bsk, or by over-
expression of the Jnk phosphatase Puc. Both of these approaches
suppressed the overgrowth of lgl RNAi, the nuclear localization of Yki,
the upregulation of downstream target genes, and the elevation of EdU
labeling (Figs. 6D,E and S4A). Thus, the inﬂuence of lgl on Hippo
signaling and growth in the wing disc is dependent upon Jnk signaling.
Strikingly, expression of puc or bsk RNAi also appeared to rescue
the cell polarity defect of lgl RNAi (Figs. 6D and S4A). This was
conﬁrmed by the observation that the apical localization of Dlg and
Fat proteins was restored (Fig. 5E,F,K,L). Thus, the loss of apical-basal
polarity in lgl depleted wing cells depends on activation of the Jnk
pathway. This observation, together with the general correspondence
between polarity disruption and Jnk activation in lgl RNAi discs
(Fig. 5Q), led us to investigate whether Jnk activation could be
sufﬁcient for polarity disruption. However, while some tissue folding
was induced by Jnk activation, both Fat and Dlg maintained their
normal apical localization in wing discs expressing hep.CA under sal-
Gal4 control (Fig. 5M–P).
In a recent study of lglmutant clones in eye discs, activation of Yki
was observed and attributed at least in part to activation of aPKC
(Grzeschik et al., 2010). Thus, we investigated the relationships
among aPKC activation, Jnk activation, and Yki activation in wing
discs. Expression of an activated form of aPKC, aPKCCAAX (Lee et al.,
2006), induced a modest activation of Yki in the wing disc (Fig. 7A).-Jnk (red), DNA (using Hoechst, blue), GFP (green), ex-lacZ (cyan) or EdU (magenta), as
S-RNAi-lgl UAS-dcr2 UAS-GFP. pJnk indicates staining for activated Jnk, using a phospho-
lose to background levels. C) wild type. D) en-Gal4 UAS-RNAi-lgl UAS-RNAi-bsk UAS-dcr2
S-RNAi-lgl UAS-RNAi-bsk UAS-dcr2 UAS-GFP, EdU labeling is similar between anterior and
Fig. 7. aPKC activates Yki through Jnk. Third instar wing discs, stained for Yki (red), puc-lacZ (green), GFP (green/blue), as indicated. Panels marked prime show separate channels of
the stain to the left. For A,B, panels marked Z show higher magniﬁcation of the boxed region. A) en-Gal4 UAS-aPKCCAAXUAS-GFP. B) en-Gal4 UAS-aPKCCAAX UAS-puc UAS-GFP. C) en-Gal4
UAS-aPKCCAAX puc-lacZ UAS-GFP.
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is also associated with Jnk activation (Fig. 7C). Moreover, the puc-lacZ
insertion, which is also a puc allele, dominantly enhanced the Yki
activation associated with aPKCCAAX expression (Fig. 7C). Conversely,
reducing Jnk activation by expression of Puc reduced Yki activation
(Fig. 7B). Together, these observations indicate that in wing discs,
aPKC activates Jnk, and activation of Yki by aPKC is a Jnk-dependent
process.
Jnk activation has diverse effects in different contexts. Our
observation that Yki activation in the wing is Jnk-dependent in
neoplastic tumor suppressors and in response to tissue damage is
consistent with oncogenic effects of Jnk that have been identiﬁed in
neoplastic tumor suppressors and during regeneration and compensa-
tory cell proliferation. However, under other conditions, Jnk acts as a
tumor suppressor by promoting apoptosis. Indeed, in eye discs,
mutation of scrib in clones can promote Jnk-dependent apoptosis, and
blocking Jnkbyexpressionof a dominantnegative isoformpromotes the
proliferation of scribmutant clones (Brumby and Richardson, 2003). To
directly compare the inﬂuence of Jnk activation on Yki activation in
different Drosophila organs, we analyzed multiple imaginal discs from
larvae in which clones of cells expressing hep.CA had been induced.
Because these discs were isolated from the same animals, the intensity
and duration of Hep activation (induced by ﬁrst making Flp-out clones
expressing tub-Gal4 and tub-Gal80ts, allowing clones to grow for three
days, and then inducing expression of UAS-hep.CA for 14 h by
temperature shift) should be identical. Strong induction of Yki was
observed in wing and haltere discs within and adjacent to Hep.CA-
expressing clones (Fig. S1E,F). By contrast, in leg discs, strongnuclearYki
was not detected, but instead we observed a more even distribution of
Yki between nucleus and cytoplasm (Fig. S1G), indicative of a modest
level of Yki activation. Finally, in eye discs, most clones were not
associated with any visible change in Yki localization (Fig. S1H).Discussion
Participation of Yki in regeneration and compensatory cell proliferation
Many tissues have the capacity respond to the removal or death of
cells by increasing proliferation of the remaining cells. In Drosophila,
this phenomenon has been characterized both in the context of
imaginal disc regeneration and compensatory cell proliferation. Our
studies implicate the Hippo signaling pathway as a key player in these
proliferative responses to tissue damage. After genetically ablating the
wing primordia by inducing apoptosis, we observed that Yki becomes
activated to high levels in surrounding cells, based on its nuclear
abundance and induction of a downstream target of Yki transcrip-
tional activity. Moreover, high level Yki activation is crucial for wing
disc regeneration, as even modest reduction of Yki levels, to a degree
that has only minor effects on normal wing development, severely
impaired wing disc regeneration. While it was known that Yki is
required for wing growth during development (Huang et al., 2005),
our observations establish that Yki is also required for wing growth
during regeneration, and moreover that regeneration requires higher
levels of Yki activation than during normal development.
Regulation of Yki by Jnk signaling
Our studies identify Jnk activation as a promoter of Yki activity in the
wing disc. Most aspects of imaginal disc development, including
imaginal disc growth, normally do not require Jnk signaling (Igaki,
2009). By contrast, Jnk signaling is both necessary and sufﬁcient for Yki
activation in response to wing damage. Jnk signaling has previously
been linked to compensatory cell proliferation and regeneration in
imaginal discs (Bergantinos et al., 2010a; Mattila et al., 2005; Perez-
Garijo et al., 2009;Ryooet al., 2004), andwecannowascribeat least part
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promotes the expression of other mitogens, including Wg, which were
linked to regeneration and proliferative responses to apoptosis (Perez-
Garijo et al., 2004; Ryoo et al., 2004; Smith-Bolton et al., 2009). Wg and
Yki are not required for each other's expression, suggesting that they are
regulated and act in parallel to inﬂuence cell proliferation after tissue
damage. The mechanism bywhich Jnk activation induces Yki activation
is not yet known. The observation that it could be suppressed by over-
expression of Wts or Hpo suggests that it might impinge on Hippo
signaling at or upstream of Hpo and Wts, but the possibility that Jnk-
dependent Yki regulation occurs in parallel to these Hippo pathway
components cannot be excluded (Fig. 8). The high level of nuclear Yki
localization is striking by contrast with the more modest effects of
upstream tumor suppressors in the Hippo pathway (Dong et al., 2007;
Oh and Irvine, 2008), which suggests that Jnk might regulate Yki
through a distinct mechanism, or simultaneously affect multiple
upstream regulators.
We detected strong Yki activation within the wing and haltere
discs in response to Jnk activation, but weaker or non-existent effects
in leg or eye discs. Jnk activation has previously been linked to
oncogenic effects of neoplastic tumor suppressors in eye discs
(Brumby and Richardson, 2003; Igaki et al., 2006; Uhlirova and
Bohmann, 2006), and it is possible that Yki activation might be
induced in eye discs if a distinct Jnk activation regime were employed.
Nonetheless, sincewe employed identical conditions in bothwing and
eye discs, isolating them from the same animals, our studies
emphasize the importance of context-dependence for Yki activation
by Jnk. A link between Jnk activation and Yki activation is not limited
to the wing however, as a connection between these pathways was
recently discovered in the adult intestine, where damage to intestinal
epithelial cells, and activation of Jnk, can activate also Yki (Staley and
Irvine, 2010).
There was a general correspondence between activation of Jnk and
activation of Yki under multiple experimental conditions, including
expression of Rpr, direct activation of Jnk signaling by Egr or Hep.CA,
and depletion of lgl. Some experiments, most notably direct activation
of Jnk by Hep.CA, revealed a non-autonomous effect on Yki, whichFig. 8. Diverse inputs and outputs of Jnk signaling. Jnk, a stress activated protein kinase,
is activated by diverse stimuli, including caspase activation, ligands for Jnk signaling
pathways (Egr), cellular stresses (reactive oxygen species, infection, cytoskeletal
changes), and loss of apical-basal polarity (Igaki, 2009; Karin and Gallagher, 2005). Jnk
activates apoptosis, but also cell proliferation. Activation of proliferation is mediated
through Hippo signaling. The ultimate target of Jnk signaling within the Hippo pathway
is not known, it could act upstream of Wts and Hpo, but might act in parallel to them
(dashed lines and question mark). Yki both promotes cell proliferation and inhibits
apoptosis through transcriptional regulation of downstream target genes.could imply that the inﬂuence of Jnk on Yki activity is indirect.
Although the basis for this non-autonomous effect is not yet known,
we favor the hypothesis that it is actually also mediated through Jnk
signaling, as it has been reported that Jnk activation can propagate
from cell to cell in the wing disc (Wu et al., 2010). Consistent with this
possibility, we observed that a non-autonomous activation of Jnk
adjacent to lgl depleted cells was blocked by depletion of bsk solely
within the lgl RNAi cells. Conversely, alternative signals previously
implicated in compensatory cell proliferation do not appear to be
good candidates for mediating Yki activation, as we found that Wg is
not required for Yki activation in regenerating discs, and prior studies
did not detect a direct inﬂuence of Dpp pathway activity on Yki
activation (Rogulja et al., 2008).
Activation of Yki adjacent to Egr- or Rpr-expressing cells was also
reduced by over-expression of Wts. This might reﬂect an inﬂuence of
Yki on signaling from these cells, but because expression of Wts
inhibits Yki activity, and activated Yki promotes expression of an
inhibitor of apoptosis (Diap1), it is also possible that this effect could
be explained simply by Wts over-expression resulting in reduction or
more rapid elimination of Egr- or Rpr-expressing cells; the reduced
survival of these cells would then limit their ability to signal to
neighbors.
Although Jnk has been implicated in compensatory cell prolifer-
ation and regeneration (Bergantinos et al., 2010a; Mattila et al., 2005;
Ryoo et al., 2004), it is better known for its ability to promote
apoptosis (Igaki et al., 2002; Kanda and Miura, 2004; Moreno et al.,
2002). The dual, opposing roles of Jnk signaling as a promoter of
apoptosis and a promoter of cell proliferation raise the question of
how one of these distinct downstream outcomes becomes favored in
cells with Jnk activation (Fig. 8). Given the links between Jnk
activation and human diseases, including cancer (Bogoyevitch et al.,
2010; Karin and Gallagher, 2005), deﬁningmechanisms that inﬂuence
this is an important question, and our identiﬁcation of the role of Yki
activation in Jnk-mediated proliferation and wing regeneration
should facilitate future investigations into how the balance between
proliferation or apoptosis downstream of Jnk is regulated.
Regulation of Yki activity by neoplastic tumor suppressors
Hippo signaling is regulated by proteins that exhibit discrete
localization at the subapical membrane, e.g. Fat, Ex, and Merlin (Reddy
and Irvine, 2008). Theobservation thatdisruptionof apical-basal polarity
is associated with disruption of Hippo signaling underscores the
importance of this localization to normal pathway regulation. Our
observations, together with other recent studies (Grzeschik et al., 2010;
Menéndez et al., 2010), establish that Hippo signaling is inhibited by
neoplastic tumor suppressor mutations, resulting in Yki activation, and
that this activation of Yki is required for the tumorous overgrowths
associated with these mutations.
Although our results agree with these recent studies in linking lgl
to Hippo signaling, there are some notable differences. Grzeschik et al.
(2010) examined lgl mutant clones in the eye imaginal disc, under
conditions where cells retained apical-basal polarity, whereas we
examined wing imaginal discs, where apical-basal polarity was lost.
Intriguingly we found that conditions associatedwith activation of Yki
by Jnk in the wing disc were not sufﬁcient to activate Yki in the eye
disc. This observation, together with the discovery that loss of polarity
in lgl depletedwing cells requires Jnk activation, suggests as a possible
explanation for why lgl null mutant clones retain apical-basal polarity
in eye discs, that eye disc cells have a distinct, and apparently reduced,
sensitivity to Jnk activation as compared to wing disc cells.
We also identiﬁed distinct processes linked to Yki activation in the
absence of lgl. Grzeschik et al. (2010) reported an effect of lgl on Hpo
protein localization. In wing discs, we do not detect the discrete apical
localization of Hpo reported by Grzeschik et al. (2010) in their studies
of eye discs. Thus, their proposed mechanism, involving activation of
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the wing. By contrast, we identiﬁed an essential role for Jnk signaling
in regulating Yki activation in lgl-depleted cells in the wing. Because
we did not detect an effect of direct Jnk activation on Yki in eye discs, it
is possible that Lgl can act throughmultiple pathways to inﬂuence Yki,
including a Jnk-dependent pathway that is crucial in the wing disc,
and a Jnk-independent pathway that is crucial in the eye disc.
Grzeschik et al. (2010) also linked the inﬂuence of lgl in the eye disc to
its antagonistic relationship with aPKC. Our observation that the
inﬂuence of aPKC in the wing depends on Jnk activation is consistent
with an Lgl-aPKC link, and identiﬁes a role for Jnk activation in the
oncogenic effects of aPKC.
Our observation that the loss of polarity in lgl RNAi discs is
dependent upon Jnk signaling was unexpected, but a related
observation was recently reported by Zhu et al. (2010). These results
suggest that the established role of the Lgl-Dlg-Scrib complex in
maintaining epithelial polarity (Bilder et al., 2000, 2003) depends in
part on repressing Jnk activity. However, since Jnk activation on its
own was not sufﬁcient to disrupt polarity, multiple polarity
complexes might need to be disturbed in order for wing cells to lose
apical-basal polarity, including both Lgl and additional, Jnk-regulated
polarity complexes.
The discovery of the role of Jnk signaling in Yki activation provides
a common molecular mechanism for the overgrowths observed in
conjunction with mutations of neoplastic tumor suppressors, and
those associatedwith compensatory cell proliferation, because in both
cases a proliferative response is mediated through Jnk-dependent
activation of Yki. Although the molecular basis for the linkage of these
two pathways is not understood yet, it operates inmultiple Drosophila
organs, and thus appears to establish a novel regulatory input into
Hippo signaling that is of particular importance in abnormal or
damaged tissues. Moreover, Jnk activation has also been observed in
conjunction with regeneration of disc fragments after surgical
wounding (Mattila et al., 2005), and thus its participation in
regeneration is not limited to paradigms involving induction of
apoptosis. It is also noteworthy that under conditions of widespread
lgldepletion (i.e. lglmutant or lglRNAi), and consequent Jnk activation,
the balance between induction of apoptosis and induction of cell
proliferation is shifted towards a proliferative response. By contrast,
in the wing disc clones of cells mutant for lgl fail to survive, unless
oncogenic co-factors are co-expressed (Brumby andRichardson, 2003;
Froldi et al., 2010; Igaki et al., 2006, 2009; Menéndez et al., 2010;
Pagliarini and Xu, 2003). The loss of lgl mutant clones in wing discs
was recently attributed to cell competition (Menéndez et al., 2010).
Together, these observations suggest that the choice between
proliferative versus apoptotic responses to Jnk activation can be
inﬂuenced by the Jnk activation status of neighboring cells.
Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.ydbio.2010.11.036.
Acknowledgments
We thank E. Bach, K. Basler, C. Doe, B. Edgar, I. Hariharan, G.
Morata, T. Xu, the Developmental Studies Hybridoma Bank, and the
Bloomington stock center for antibodies and Drosophila stocks. This
research was supported by the Howard Hughes Medical Institute.
References
Adachi-Yamada, T., Fujimura-Kamada, K., Nishida, Y., Matsumoto, K., 1999. Distortion of
proximodistal information causes JNK-dependent apoptosis in Drosophila wing.
Nature 400, 166–169.
Agrawal, N., Kango, M., Mishra, A., Sinha, P., 1995. Neoplastic transformation and
aberrant cell–cell interactions in genetic mosaics of lethal(2)giant larvae (lgl), a
tumor suppressor gene of Drosophila. Dev. Biol. 172, 218–229.
Bennett, F.C., Harvey, K.F., 2006. Fat cadherinmodulates organ size in Drosophila via the
Salvador/Warts/Hippo signaling pathway. Curr. Biol. 16, 2101–2110.Bergantinos, C., Corominas, M., Serras, F., 2010a. Cell death-induced regeneration in
wing imaginal discs requires JNK signalling. Development (Cambridge, England)
137, 1169–1179.
Bergantinos, C., Vilana, X., Corominas, M., Serras, F., 2010b. Imaginal discs: renaissance
of a model for regenerative biology. Bioessays 32, 207–217.
Bilder, D., Li, M., Perrimon, N., 2000. Cooperative regulation of cell polarity and growth
by Drosophila tumor suppressors. Science 289, 113–116.
Bilder, D., Schober, M., Perrimon, N., 2003. Integrated activity of PDZ protein complexes
regulates epithelial polarity. Nat. Cell Biol. 5, 53–58.
Bogoyevitch, M.A., Ngoei, K.R.W., Zhao, T.T., Yeap, Y.Y.C., Ng, D.C.H., 2010. c-Jun N-
terminal kinase (JNK) signaling: recent advances and challenges. Biochim. Biophys.
Acta 1804, 463–475.
Brand, A.H., Perrimon, N., 1993. Targeted gene expression as a means of altering cell
fates and generating dominant phenotypes. Development (Cambridge, England)
118, 401–415.
Brumby, A.M., Richardson, H.E., 2003. scribble mutants cooperate with oncogenic Ras or
Notch to cause neoplastic overgrowth in Drosophila. EMBO J. 22, 5769–5779.
Buttitta, L.A., Katzaroff, A.J., Perez, C.L., de la Cruz, A., Edgar, B.A., 2007. A double-
assurance mechanism controls cell cycle exit upon terminal differentiation in
Drosophila. Dev. Cell 12, 631–643.
Cho, E., Feng, Y., Rauskolb, C., Maitra, S., Fehon, R., Irvine, K.D., 2006. Delineation of a Fat
tumor suppressor pathway. Nat. Genet. 38, 1142–1150.
Cho, E., Irvine, K.D., 2004. Action of fat, four-jointed, dachsous and dachs in distal-to-
proximal wing signaling. Development (Cambridge, England) 131, 4489–4500.
Dietzl, G., Chen, D., Schnorrer, F., Su, K.C., Barinova, Y., Fellner, M., Gasser, B., Kinsey, K.,
Oppel, S., Scheiblauer, S., Couto, A., Marra, V., Keleman, K., Dickson, B.J., 2007. A
genome-wide transgenic RNAi library for conditional gene inactivation in
Drosophila. Nature 448, 151–156.
Dong, J., Feldmann, G., Huang, J., Wu, S., Zhang, N., Comerford, S.A., Gayyed, M.F.,
Anders, R.A., Maitra, A., Pan, D., 2007. Elucidation of a universal size-control
mechanism in Drosophila and mammals. Cell 130, 1120–1133.
Fan, Y., Bergmann, A., 2008. Apoptosis-induced compensatory proliferation. The Cell is
dead. Long live the Cell! Trends Cell Biol. 18, 467–473.
Feng, Y., Irvine, K.D., 2007. Fat and expanded act in parallel to regulate growth through
warts. Proc. Natl Acad. Sci. USA 104, 20362–20367.
Feng, Y., Irvine, K.D., 2009. Processing and phosphorylation of the Fat receptor. Proc.
Natl Acad. Sci. USA 106, 11989–11994.
Froldi, F., Ziosi,M., Garoia, F., Pession, A., Grzeschik, N.A., Bellosta, P., Strand, D., Richardson,
H.E., Grifoni, D., 2010. The lethal giant larvae tumour suppressor mutation requires
dMyc oncoprotein to promote clonal malignancy. BMC Biol. 8, 33.
Goyal, L., McCall, K., Agapite, J., Hartwieg, E., Steller, H., 2000. Induction of apoptosis by
Drosophila reaper, hid and grim through inhibition of IAP function. EMBO J. 19,
589–597.
Grzeschik, N.A., Parsons, L.M., Allott, M.L., Harvey, K.F., Richardson, H.E., 2010. Lgl, aPKC,
and Crumbs regulate the Salvador/Warts/Hippo pathway through two distinct
mechanisms. Curr. Biol. 20, 573–581.
Hamaratoglu, F., Willecke, M., Kango-Singh, M., Nolo, R., Hyun, E., Tao, C., Jafar-Nejad,
H., Halder, G., 2006. The tumour-suppressor genes NF2/Merlin and Expanded act
through Hippo signalling to regulate cell proliferation and apoptosis. Nat. Cell Biol.
8, 27–36.
Hariharan, I.K., Bilder, D., 2006. Regulation of imaginal disc growth by tumor-
suppressor genes in Drosophila. Annu. Rev. Genet. 40, 335–361.
Haynie, J.L., Bryant, P.J., 1977. The effects of X-rays on the proliferation dynamics of cells
in the imaginal wing disc of Drosophila melanogaster. Roux's Archives 183, 85–100.
Huang, J., Wu, S., Barrera, J., Matthews, K., Pan, D., 2005. The Hippo signaling pathway
coordinately regulates cell proliferation and apoptosis by inactivating Yorkie, the
Drosophila Homolog of YAP. Cell 122, 421–434.
Huh, J.R., Guo, M., Hay, B.A., 2004. Compensatory proliferation induced by cell death in
the Drosophila wing disc requires activity of the apical cell death caspase Dronc in a
nonapoptotic role. Curr. Biol. 14, 1262–1266.
Igaki, T., 2009. Correcting developmental errors by apoptosis: lessons from Drosophila
JNK signaling. Apoptosis 14, 1021–1028.
Igaki, T., Kanda, H., Yamamoto-Goto, Y., Kanuka, H., Kuranaga, E., Aigaki, T., Miura, M.,
2002. Eiger, a TNF superfamily ligand that triggers the Drosophila JNK pathway.
EMBO J. 21, 3009–3018.
Igaki, T., Pagliarini, R.A., Xu, T., 2006. Loss of cell polarity drives tumor growth and
invasion through JNK activation in Drosophila. Curr. Biol. 16, 1139–1146.
Igaki, T., Pastor-Pareja, J.C., Aonuma, H., Miura, M., Xu, T., 2009. Intrinsic tumor
suppression and epithelial maintenance by endocytic activation of Eiger/TNF
signaling in Drosophila. Dev. Cell 16, 458–465.
Kanda, H., Miura, M., 2004. Regulatory roles of JNK in programmed cell death. J.
Biochem. 136, 1–6.
Karin, M., Gallagher, E., 2005. From JNK to pay dirt: jun kinases, their biochemistry,
physiology and clinical importance. TBMB 57, 283–295.
Kauppila, S., Maaty, W.S., Chen, P., Tomar, R.S., Eby, M.T., Chapo, J., Chew, S., Rathore, N.,
Zachariah, S., Sinha, S.K., Abrams, J.M., Chaudhary, P.M., 2003. Eiger and its receptor,
Wengen, comprise a TNF-like system in Drosophila. Oncogene 22, 4860–4867.
Kondo, S., Senoo-Matsuda, N., Hiromi, Y., Miura, M., 2006. DRONC coordinates cell death
and compensatory proliferation. Mol. Cell. Biol. 26, 7258–7268.
Lee, C.-Y., Robinson, K.J., Doe, C.Q., 2006. Lgl, Pins and aPKC regulate neuroblast self-
renewal versus differentiation. Nature 439, 594–598.
Martin, P., Parkhurst, S.M., 2004. Parallels between tissue repair and embryo
morphogenesis. Development (Cambridge, England) 131, 3021–3034.
Mattila, J., Omelyanchuk, L., Kyttala, S., Turunen, H., Nokkala, S., 2005. Role of Jun N-
terminal Kinase (JNK) signaling in the wound healing and regeneration of a
Drosophila melanogaster wing imaginal disc. Int. J. Dev. Biol. 49, 391–399.
151G. Sun, K.D. Irvine / Developmental Biology 350 (2011) 139–151McEwen, D.G., Peifer, M., 2005. Puckered, a Drosophila MAPK phosphatase, ensures cell
viability by antagonizing JNK-induced apoptosis. Development (Cambridge,
England) 132, 3935–3946.
Menéndez, J., Pérez-Garijo, A., Calleja, M., Morata, G., 2010. A tumor-suppressing
mechanism in Drosophila involving cell competition and the Hippo pathway. Proc.
Natl Acad. Sci. USA 107, 14651–14656.
Moreno, E., Yan, M., Basler, K., 2002. Evolution of TNF signaling mechanisms: JNK-
dependent apoptosis triggered by Eiger, the Drosophila homolog of the TNF
superfamily. Curr. Biol. 12, 1263–1268.
Oh, H., Irvine, K.D., 2008. In vivo regulation of Yorkie phosphorylation and localization.
Development (Cambridge, England) 135, 1081–1088.
Oh, H., Irvine, K.D., 2009. In vivo analysis of Yorkie phosphorylation sites. Oncogene 28,
1916–1927.
Oh, H., Irvine, K.D., 2010. Yorkie: the ﬁnal destination of Hippo signaling. Trends Cell
Biol 20, 410–417.
Pagliarini, R.A., Xu, T., 2003. A genetic screen in Drosophila for metastatic behavior.
Science 302, 1227–1231.
Perez-Garijo, A., Martin, F.A., Morata, G., 2004. Caspase inhibition during apoptosis
causes abnormal signalling and developmental aberrations in Drosophila. Devel-
opment (Cambridge, England) 131, 5591–5598.
Perez-Garijo, A., Shlevkov, E., Morata, G., 2009. The role of Dpp andWg in compensatory
proliferation and in the formation of hyperplastic overgrowths caused by apoptotic
cells in the Drosophila wing disc. Development (Cambridge, England) 136,
1169–1177.
Reddy, B.V., Irvine, K.D., 2008. The Fat andWarts signaling pathways: new insights into
their regulation, mechanism and conservation. Development (Cambridge, Eng-
land) 135, 2827–2838.
Rogulja, D., Rauskolb, C., Irvine, K.D., 2008. Morphogen control of wing growth through
the Fat signaling pathway. Dev. Cell 15, 309–321.Ryoo, H.D., Gorenc, T., Steller, H., 2004. Apoptotic cells can induce compensatory cell
proliferation through the JNK and the Wingless signaling pathways. Dev. Cell 7,
491–501.
Silva, E., Tsatskis, Y., Gardano, L., Tapon, N., McNeill, H., 2006. The tumor-suppressor
gene fat controls tissue growth upstream of expanded in the hippo signaling
pathway. Curr. Biol. 16, 2081–2089.
Smith-Bolton, R.K., Worley, M.I., Kanda, H., Hariharan, I.K., 2009. Regenerative growth in
Drosophila imaginal discs is regulated by Wingless and Myc. Dev. Cell 16, 797–809.
Staley, B.K., Irvine, K.D., 2010. Warts and Yorkie mediate intestinal regeneration by
inﬂuencing stem cell proliferation. Curr. Biol. 20, 1580–1587.
Uhlirova, M., Bohmann, D., 2006. JNK- and Fos-regulated Mmp1 expression cooperates
with Ras to induce invasive tumors in Drosophila. EMBO J. 25, 5294–5304.
Wang, S.L., Hawkins, C.J., Yoo, S.J., Muller, H.A., Hay, B.A., 1999. The Drosophila caspase
inhibitor DIAP1 is essential for cell survival and is negatively regulated by HID. Cell
98, 453–463.
Wells, B.S., Yoshida, E., Johnston, L.A., 2006. Compensatory proliferation in Drosophila
imaginal discs requires Dronc-dependent p53 activity. Curr. Biol. 16, 1606–1615.
White, K., Grether, M.E., Abrams, J.M., Young, L., Farrell, K., Steller, H., 1994. Genetic
control of programmed cell death in Drosophila. Science 264, 677–683.
Willecke, M., Hamaratoglu, F., Kango-Singh, M., Udan, R., Chen, C.L., Tao, C., Zhang, X.,
Halder, G., 2006. The fat cadherin acts through the hippo tumor-suppressor
pathway to regulate tissue size. Curr. Biol. 16, 2090–2100.
Wu, M., Pastor-Pareja, J.C., Xu, T., 2010. Interaction between Ras(V12) and scribbled
clones induces tumour growth and invasion. Nature 463, 545–548.
Zhao, B., Li, L., Lei, Q., Guan, K.L., 2010. The Hippo-YAP pathway in organ size control and
tumorigenesis: an updated version. Genes Dev. 24, 862–874.
Zhu, M., Xin, T., Weng, S., Gao, Y., Zhang, Y., Li, Q., Li, M., 2010. Activation of JNK signaling
links lgl mutations to disruption of the cell polarity and epithelial organization in
Drosophila imaginal discs. Cell Res. 20, 242–245.
